The present study was conducted to determine the effect on the distribution of stress with the use of short-post cores and over restorations composed of different materials. The restorative materials used were namely two different composite resin materials (Valux Plus and Tetric Flow), a polyacid-modified resin material (Dyract AP), and a woven polyethylene fiber combination (Ribbond Fiber + Bonding agent + Tetric Flow). Finite element analysis (FEA) was used to develop a model for the maxillary primary anterior teeth. A masticatory force of 100 N was applied at 148° to the incisal edge of the palatal surface of the crown model. Stress distributions and stress values were compared using von Mises criteria. The tooth model was assumed to be isotropic, homogeneous, elastic, and asymmetrical. It was observed that the highest stress usually occurred in the cervical area of the tooth when Tetric Flow was used as the short-post core and over restoration material. The same maximum stress value was also obtained when Ribbond fiber + Tetric Flow material was used for the short-post core. The results of FEA showed that the mechanical properties and elastic modulus of the restorative material influenced the stresses generated in enamel, dentin, and restoration when short-post core restorations were loaded incisally. Resin-based restorative materials with higher elastic moduli were found to be unsuitable as short-post core materials in endodontically treated maxillary primary anterior teeth.
INTRODUCTION
In many populations, early childhood caries is a common dental problem found in preschool-age children. The maxillary primary anterior teeth are generally the most severely involved, and lesions can lead to total destruction of the crowns of the teeth 1) . It is important to restore crowns that have been destroyed by caries in order to preserve the integrity of the primary dentition until the eruption of permanent teeth 2) . The restoration of primary incisors with extensive tissue loss due to early childhood caries is often a difficult procedure and presents a particular challenge to dentists. A restorative technique that is able to provide efficient, durable, and functional restoration and which is simple to perform would most certainly improve the management of patients with carious maxillary primary incisors 3) . Such restorations would provide adequate resistance to bite forces and retention to tooth tissue 4) . Several decades ago, severely carious maxillary primary incisors were often extracted. However, owing to increasing demand by parents, restorative procedures such as stainless steel crowns, open-face stainless steel crowns, pre-veneered stainless steel crowns, polycarbonate crowns, and strip crowns combined with resin composites have been used for the restoration of primary teeth that have been severely damaged by early childhood caries. On the other hand, it has also been reported that such crowns are difficult to use in the case of extensive caries due to retention problem [5] [6] [7] . The results of various studies have demonstrated that short-post cores and over restorations can be used to treat such patients 3, [7] [8] [9] . Initially, pins or orthodontic wires combined with composite resin were used in the short-post core technique prior to over restorations with polycarbonate crowns 6, 10) . With the advent of new adhesive materials and techniques, different composite resin short posts and fiber-reinforced composite resin short posts have been available for the restoration of severely decayed primary anterior teeth 7, 11, 12) . Resin-based dental restorative materials are the materials of first choice for many clinicians, mainly because of their superior esthetic properties and the ease of repair if the crown subsequently chips or fractures. However, the success of restorations using these materials is highly sensitive to the technique used. Contamination of the site with moisture from blood or saliva may interfere with the bonding, and hemorrhage can alter the shade or color of the material.
Additionally, adequate tooth structure must remain after removal of caries to ensure that there is sufficient surface area for bonding 4) .
The shrinkage associated with the polymerization of resin composites generates stresses at the tooth-restoration interface, and may lead to marginal gap formation, microleakage, marginal discoloration, and secondary caries 13) . In addition to considerations such as the type of restorative material, these factors may also influence stress formation: restorative technique and cavity preparation; polymerization shrinkage, elastic modulus, and flow of the resin composite; adhesion of resin composite to the cavity walls; and configuration factor of the restoration 14, 15) . Indeed, polymerization shrinkage and flow of the resin composite have been found to be significant determinants of gap formation around resin composite restorations 15) . As a result of biting forces, restored teeth are subjected to different levels of mechanical stress. The durability of restored teeth largely depends on these stresses; hence, extensive research has been conducted to understand the underlying mechanisms that cause and contribute to these stresses. Various types of research have been performed on this issue, including experimental studies that use mechanical tests and experimental stress analyses [16] [17] [18] , in addition to theoretical techniques such as threedimensional finite element analysis (FEA) [19] [20] [21] . FEA is a popular numerical method used in stress analysis. It demonstrates the internal stresses of a system, and on that basis predictions about failure can be made. The use of FEA in dental research has been significantly refined during the last decade [21] [22] [23] [24] . Against this backdrop of mounting concerns about severely damaged primary teeth in tandem with advances in stress analysis tools, the aim of the present study was to determine, using FEA, the stress distributions in short-post cores and over restorations made of two different composite resin materials, a polyacid-modified resin material, and a woven polyethylene-fiber combination material.
MATERIALS AND METHODS

Three-dimensional tooth model
An extracted, sound maxillary primary central incisor with a fully formed root and an absence of cracks, fractures, and caries was used for the preparation of the three-dimensional tooth model. Images of the tooth with 0.5 mm cross-sections were acquired using a spiral CT scanner (Aquillion 16, Toshiba, Tokyo, Japan). Contours of the enamel, dentin, and pulp boundaries were determined based on the CT images, and a three-dimensional model was thus prepared using Pro/Engineer software ( Fig.  1 ). The crown was excluded from the model from 1 mm above the dentino-enamel junction of the root. Root canal paste, glass ionomer base material (0.5 mm average thickness), bonding agent (15 μm average thickness), and a mushroom-shaped undercut region (2.4 mm diameter, 1 mm length) at the level of the root canal system were prepared. A short-post core portion of the model (2 mm base diameter, 3.6 mm length) was also prepared, and the crown of the original primary tooth was used to shape the over restoration. Similarly, three-dimensional models of the supporting tissues of the tooth were prepared using Pro/Engineer software ( Fig. 1 ).
Restorative materials used in this study
On the distributions of stress in different restorative materials, they were investigated using FEA with a software program, ANSYS 7.0 (Swanson Ansys Inc., Houston, PA, USA). 
Finite element stress analysis
Using finite element method, a load of 100 N was applied to the short-post core and over restorations. The model of the sound primary tooth (without postcore restorations) was used as a control. A point load at 148° to the inter-incisal angle of the primary incisors was applied to the incisal edge of the threedimensional model to simulate ideal primary occlusion (Fig. 1) .
The Young's modulus and Poisson's ratio values of the tooth and supporting tissues are given in Table 2 25-32) . In FEA, each element was assigned a predetermined number of nodes.
The 
where σ1, σ2, and σ3 represent the principal stresses 33) .
RESULTS
Assessments were made based on the color patterns in Figs 2-6 , where warm colors denote higher stresses. Table 3 Maximum von Mises stress values in the tooth and with different restorative materials (MPa) Fig. 2 Distribution of von Mises stress within the bonding layer.
As shown in Fig. 2 for the bonding layer, major stress developed near the crown surface of the root canal for all the materials. The highest stress value at the surface of the bonding layer and the undercut area was determined to be 66.8 MPa, which was obtained when Ribbond Fiber was combined with the Tetric Flow material. The lowest stress value, 43.6 MPa, was obtained when Tetric Flow restorative material was used (Fig. 2) . In the sound primary tooth, stress was found to be distributed throughout the enamel. Maximum value of von Mises stress was found to be 82.5 MPa, and this occurred in the cervical area. Among the experimental groups, the lowest maximum von Mises stress value, 83.0 MPa, was obtained near the dentino-enamel junction when Valux Plus restorative material was used. However, when Tetric Flow material, which had the lowest the Young's modulus, was used as the short-post core and over restoration material, the highest stress (85.8 MPa) occurred in the cervical area of the tooth (Figs. 3 and 4) . Figures 5 and 6 show the stress distributions in the short-post core structure of all the materials studied. The highest stress value obtained was 20. In summary, the lowest stress value in the shortpost core structure was obtained with the Tetric Flow restorative material. In the over restoration, similar stress values and distributions were obtained with different restorative materials (Fig. 6 , Table 3 ). In addition, the measured stress increased for all the materials along the buccal bone and in the one-third apical region when cross-sections of all the models were examined (Fig. 7) .
DISCUSSION
The restoration of severely damaged primary incisors in young children is a difficult task that sometimes requires intracanal retention. The short-post core and over restoration has been an alternative method to extraction of such teeth with an endodontically involved sound root 3, 5, [7] [8] [9] . In the present study, the resistance to stress of different resin-based restorative materials that have been recommended for short-post cores and over restorations was investigated using the finite element method. As the core structure transfers the load from the crown to the post, the mechanical properties -such as elasticity and stability -of the materials used in the preparation of the core structure are of great importance. To date, we could not find any report in published literature that used FEA to evaluate the success of short-post cores and over restorations; in the same vein, there are few in vitro investigations of their resistance 9, 12, 34) . A restoration must resist the natural forces that are exerted in the mouth 35) . In this study, in order to evaluate several short-post cores and over restorations by FEA, a masticatory force of 100 N was applied at 148° to the incisal edge of the palatinal surface of the modeled crown to mimic the ideal apposition of primary dentition 36) . Rentes et al. 37) reported that the bite force in children of 3 to 5.5 years old with normal occlusion is 213.17±43.97 N. It has been shown that there are no differences in the bite force between girls and boys until they reach puberty 35) . As the applied force and the resulting stress are directly proportional, and with the normal chewing force being lower than the maximum biting force, a uniform force of 100 N was applied to represent the biting force in our study. This was also done to avoid the necessity of comparing stresses produced by different bite forces. The design of the post and the nature of the material from which the post and core are made are very important to the distribution of dentinal stress 21) . Oztas and Yildirim 8) reported that a mushroom-shaped short-post technique gives better results than simple short-post cores. Indeed, a shortpost core in conjunction with a mushroom-shaped, full undercut that reaches 360° around the canal chamber helps to ensure crown retention. In the absence of such an undercut preparation, the coronal restoration may risk the failure of dislodgement. In our study, the mushroom structure was modeled in a three-dimensional fashion. If the modulus of elasticity of the core material is similar to that of the post material, a more uniform distribution of stress within the entire post-and-core restoration and within the dentin will be achieved. At the same time, the resistance of the restoration to the forces of mastication is increased 38) . On these grounds, the post and core materials used within each model were the same in the present study. Yaman et al. 31) , who performed finite element analysis of various materials in Class V cavities, found that maximum von Mises stress in the tooth occurred with the Tetric Flow material. In our study, when Tetric Flow restorative material was used, a similar maximum stress value (85.8 MPa) was obtained in the tooth (Figs. 3 and 4, Table 3 ). This finding corroborated with that of Yaman et al. 31) . In the short-post core and bonding layer, the highest stress values were obtained when Ribbond Fiber + Tetric Flow material was used. These results were obtained probably because the material did not stretch with the tooth owing to its high elasticity modulus.
This assumption was related to the mechanical properties of the restorative material, and from a mechanical viewpoint the Young's moduli of the restorative materials played a very important role. This FEA study has demonstrated that, when materials with a high elastic modulus were used, the stress values increased in the short-post core structure and undercut area, while a decrease in dentinal stress was observed. In contrast, when materials with a low elastic modulus were used, the stress values decreased in the short-post core structure and undercut area. These findings were in accordance with those of Toksavul et al. 21) and Ho et al. 39) . These authors found that the greater the modulus of elasticity of the post, the greater was the decrease in the distribution of dentinal stress during masticatory loading. It has been reported that if the Young's moduli of the dentin and restorative materials are quite different, it will give rise to mechanical discontinuity in the structure and thereby create large stresses 31) . In this study, the lowest stress value at the cervical region of the tooth was obtained when the Valux Plus material was used. This was probably because the Young's modulus of the restorative material (19, 700) was similar to that of dentin (19, 890) . Kirzioglu et al. 9) reported that composite restorations were more resistant than polyacidmodified resin restorations in their investigation, which involved a pressure test of short-post core restorations. Dalmis 34) found that S2 glass fiber + Tetric Flow had lower resistance than other samples in a pressure test of short-post core restorations. Upon comparison, our results were similar to the results of these researchers: the lowest stress value was obtained with Valux Plus, whereas the highest stress value was obtained when Ribbond Fiber + Tetric Flow was used.
On the results of this study, it must be put into perspective that it is impossible to reproduce intraoral conditions exactly in researches that adopt an in vitro approach or use computer-aided simulations. On this note, the results of this study should be supported by clinical research.
CONCLUSIONS
Based on the findings of the present study and taking into account the experimental limitations, we concluded that materials with the following characteristics be recommended for short-post cores and over restorations of endodontically treated maxillary primary incisors:
(1) Resin-based restorative materials of which the elastic moduli are similar to dentin; or (2) Resin materials with a low elastic modulus.
